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ltcsu]ts  for t}Ic residual circulation irl tllc  stralosl)llcrc alId  lower Illmml,llcrc l, C(WCCII  Sc])tclII-

l~cr 1991 alId  l’cl~ruary  1994 are re],ortcd. ‘1’llis circul;itio]i i s  diagtloscd frorll t,IIc Illeasurclllmlts

of lclll])craturc,  ozcJIIc,  alId water  va])or acquired  Ijy tlIc hlicrmvavc  l,il[ll~  Sc)uIldcr  (M1, S )  o11-

I,oard (}IC Uj]],cr At]llos],llerc  l{escarcll  S{itcllitc, aIIgIIICIItd I,y clilllatc,lc,gica]  distril,  utic)~ls  o f

I[lctllallc,  nitrous  oxide, llitro~crl dioxide, surface  rill Icdo,  arid cloud cover. An accurate radiative

tratlsfcr  code and a strcatllf~ltlcti(,ll code that a v o i d s  ttlc  ],rol,lcrIl of glol)a]  illjl}ala~icc  iri t,lIc IIct

(Iialjatic IIeatir)g  rates , are used ill tllc calculaticllls. ‘J’lIc colII]Iu Lcd vertical velocities ulldcrgo

a setlliallliu:il  oscil]atiorl  (S  A( ) )  arc)ulld  tllc tro}jica]  strato])ausc, with ttlc rcgio)i of dowIlward

velocities rcaclli]lg Iliaxitllu][)  sllat ial cxtcllt  irl l~el)ruary  arid August , ‘1’liis Iwtlavior  is related

[o tflc  scrllirililluril  oscillatiorl  ifl te]ll],  crature  aIId  ozolIc  ar id  rllir[lics  that  scclI ill I,ast s t u d i e s

of t]lc  [)ct,oljcr  ]978 - hlay ]{)70  ]~criod I)ascd 011 d a t a  frolll tllc l,ilrl]~ ]Ilfrarcd lvfo~litor  o f  the

Si,ratos])llrrc  o]ll,oard t]lc NiIlll)us 7  satc]]ik, A  ],ossi],]c  t[)c)du]at,ic~n  c,f t][c SAO I,y t]Ic  quasi-

I,iclltlial oscil]atioll  (Q]]()) is IIillted at. ‘1’tlc rclatioll  c}f tllc coll)]lutcd circulatic,~l to existitlg

tllcorctical  II ICIdrlS  of tlic SA() is discussed aIId its possil, ]c iI[ll)licritio~ls  for t}lr distributioIl  of

trace constituents tire illustrated I)y tllc exa II I},lc of tllc ‘( CICI\Il)le- ]) CakeCl” st,ructrlrc ill tllc water

va])or distributio]i  Illcasurcd hy hll,  S.
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et al. 1993)  IIas ]Jrovidd  a Ilcw data set wit]l tlie vertical resolution  of t,e][l])crature  a][d co]istituellt

]Ilcasure]llc]lts  Coln])alah]e  to l,lhf S, ljut wllicli  ]Iow Cxtcllds for several  illstrulnellts  i]lto tllc tlii]d

year of nearly co]lti]lucms  observatio]ls. ‘1’]IcI ])ur])ose  o f  this ]Ja])er i s  to re])ort oII tile residual

ciwulatio Il Co] II])utcd fro]l]  07,011c, Wa(QI Va]lor, aIId tc]l]])(,rat[]]c  fields retrieved froln olmrvatimls

hy tll~ lJARS Nlicmwave  l,ilnh SouIIdcr  (h41,S) (\fTatcrsct  al, 1993), w h i c h  aIc ]nost coIII])lcte  i]~

t]lei]  te]n]]oral aIId s]latial ccIvcI age. l’articu]ar  [I]n])]lasis  will I)c given to tllc, SA() l)ccausc of i t s

]]ro]llillc]lce  ill tllc tc]]l])cratl]r[~all(l  cm)]Ic  fields, alId thus ill tllc diag]lcmd residual circulation.

‘J’lIC for]nalis]n  usc’d is ]jrcscl[td  ill sectio]l 2?. ‘J’]ic  ill]}llt  ficIlds for tllc dial~atic lkmtillg  calculation

aIc descriljed ill scctio]l  ~, N’lIIIIC wc also d i scuss  lIOW’ wc deal v’itll  O]IC unique :is])ect  of tile [JARS

h41,S d a t a ,  IIaIIICly  tlIc sllifti]lg  ])attc!r]l o f  llip,ll-latitude  covcrag,e  caused lIy the 57° i]lcliIlatio]l

of the satellite c)rbit. A descri])tic)]l  of a so])llisticatd  r ad ia t ive  trallfm  code is givc]l ill scctio]l

4. ‘I’lleresllltillg;  rcsi(ll]al  circulatio]l is discussed ill scctioll  5, ‘J’hc sc]llia]lllual  oscillation aIId its

illl})licatio]ls  for stratos])limic  t]a]lsl)olt  arc discussed ill scctio]l 6. ‘J’1111 ~)a])[’r coIIcludw with a

SIIIIIIIIaI-y  ill scctio]l 7.

2 ‘J’hmrd,.ical Framework

‘1’lIe residual circulaticl]l  (1)”,11~’) i s  {jf ])]i]llaly illll)orta]lcc  ill tw’c)-(lilrlellsic)]lal  stratos])llc]ic

]Ilodc,lillg  (SW e.g., W M O  1986). ltisgpkrcr]lc(l  l~y [II(, ‘l’I:M ccluatiolls  (A]ldrcws et al. 1987)

-’.2‘u 1[11( (/)
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collll)ollc’llt  ill tllc l“ourier exl)allsioli

+(A, 1) ~ $ f;v’(7/I, o,L)frl)[i(7/lA + 0,,1)] (6)
7,,: () 1,: (]

wlIerc tile fidd ~~(~, t, ~~, 2 )  is  dcfIIId  over longitude  A, tilnc t, latitude ~~, alId log-l  )ressulc 2, 7[1 is

tlIc ]ollgitudilial w:ivc]lul!)l~cr , a]Id 0,, is tllc frcqucllcy. ‘J’hc l’ouricr  coln})ollcllts  W(?n,  0,, ) (wllicll

aw functions  of latitude atId lc)g-])]essule)  lIavc LccIl Colll])utccl  fm]li  tlIc ilidividual ]Jrofile  data

i~~ 1 1 ] ( ’ a i l s  of all aSy]lO])tiC  llla])])ill~  tCC]llli(lUC  dQsCJi]JCd  ]}y }’;lSOII  ~11(] }(’roi(]CWtllX (] 993). ‘llhiS

tcclllliquc, l)asd 011 tlIe wolk l)y Sall)y (1982) and l,ait  a]ld S tanfo rd  (1988) ,  accounts  for tile

asylicllrw]lous  Ilaturc  of t,lle M1, S data (i. e., tlic illcolll]jlete  s])atial  and tc]li])oral  saln])lillg;)  aIId tile

57° illclinatio]l  of the lJARS orl~it.

‘1’lle illclillat,ioll  of tllc o]l)it a l so  r e s t r i c t s  tlie latitudilla]  coverage of hll,S a]ld c)tller  IJAI{S

IIleasuruilcllts.  Silice  tile h41,S illstrul]lc]lt views the atlnc)sl)hcric  lilnll  ill a dircctioxl  l)crj)elldicular

to tllc! orbit track, tile ]atitudiilal  coverage at ally tilnc extmlds to abc)ut 80° ill C)IIC IIelllis])hmw, I)ut

t o  oIIly 34° ill tile ot]lcr llelllis~)llerc, A])])l-oxil[late]y  OIICC a mc]llth, tllc s])acccraft  is rotated ill a

yaw ]I)allcuver  by 180° ill its track, at which ]Joillt  tllc ]atitudillal  coverage is reversed l)ctweell  the

two llelllis})llcres. ‘J’IIcI lwrio(l hctwecn  lWC) collsccutivc yaw’ Illallcuvcrs is referred  to as OIIC lJANS

]nollt]l  (tllcrc  itre tml lJAI{S IIlollt]ls  ill a y~’ar). III order to c)l)taill  tile gloha] fldds  licccssary for a

])lo]~el illtroductic)]l  of tllc boulidaly  collditiolls  011 tllc residual circulatic)ll, quasi-  l~iwcekly  a~’era~,cs

corrm])olldillg to ])eriods  I)cfore a]Id after  tile yaw til[lcs arc s e l e c t e d  for tllc c.alculatio)ls.  ‘] ’l IQSC

averages arc forlnd as follows. IPirst,  tll~ fields  of V(71L = (), o,, : O) (with V =- ‘J’, [03], aIId [1120])

are cc)lll])uted  for a]i 7 . 2 - d a y  ]Icric)d ( 108 orl)its) ]~rccccdillg-  a yaw’ lnallcuvcr,  giving  tllc 7,011 ally-

aVQI
-aged distril)utiolls  of tellll)elaturc,  ozo IILI , and w’ater l’a])clr  L)c’tweell  30° ill OIIe IIcll}is]}llcre  a]ld
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tlIaII 46 }1}’a, tclll]}e~aturws  }Jrwvidcd  by t}lc  National  hflctec~rolclgica]  (;~]lter (Nh4(; ) ale u t i l i z e d ,

sillcc  tlIc 02 ]ille USCI(l  f o r  ]IrmsuIc aIId tcIII])crat,  urc r e t r i e v a l s  l)ccc~l[ic%  s;iturate(l.

3 . 3  ozone

‘] ’he hlI,S i n s t r u m e n t  lI~eas~lrc~s  ozc)llc cc)llcelitraticllls a t  pressures < 1001) l’allsijlg, e~llissioll  at

205 Gllz. lkItwceII 100aIId 464 lll’a, tllcclzc)lle  al)ll]l{lallccs  areco]lstraillcd  tc)l’alllesc)l)tai]lc’(1  frc)]ll

t}le  tu’c)-[liIll[’llsio~lal  ]IIC)CIC1 c)f l,awrcllcc l,ivcrl[lc)re  h’atic)llal  l,al)c)ratc)ry.  At lc)wer al t i tudes,  OZC)IIC

Collcelltratiolls  have  bCIeII  set tc) tlic assulllccl  464-]l])a Vall)e. ‘J’llis scwll)s  tc) be a rcasclllalllc  I)rc)ce-

dure,  for thrw rcasolls: (1 ) tlicI ]nain fc)cus of tl}e  ])rfxcIIt stu(ly is oli tlie u])])er stratos])llcre  and

]CJwCV  111(’sC)S])]lC’re, (~) ]OW(?l tI’c)])C)S})]l(’liC CWC)IIC! alJllIl(]allC(’S  al(! lIIC)IC’ t]lall 011[!  Or[lC!r C)f lIla~Ilitll(l(?

]owcr tlltill  ])cak stratc)s])lieric  cc)llc.c~lltratic)lls ,  slid (3) glc)bal  IIleasurel[lc]lts  c)f trc)})cml)llcric  cujc)~ie

arc IIc]t  a v a i l a b l e .  A  test  calculatic)ll  fc)r Ja]lualy 1 9 9 2 ,  ill w]lich OZC)IIC abuIl(lallces at ])rcssu Ic’s

g;reater  tl}all  464 111’a were set tc~ zero, ])rclduccd  rcltitivc  clIaIIgcs c) fless t}lall  5 %  in tlIcI  cc)lll])llted

diabatic  ve loc i t i e s ,  cxce]it  itl solnc regions c)f IIcar-zerc)  vclc)citics,  ])articularly  ill t}lc  lower stlatc)-

sI)lIcve.  WC tcwtcd tllcl smlsitivity of tllc colll])utcd  sc)lal  llc’atillg  rates tc) t h e  a c c u r a c y  c)f cwxIIIe

IIle;isurwlnellts  at ])ressures less than 1 hl’a by rq)lacillg  tlie 205 G1lz abullda]lces  at tllcm  altitudes

wit}l thcm ll~ea.sured  ill the MI, S 183 GIIY, challllel.  ‘1’lIQ  cfkct w a s  fc)ulld tc) be slnaller than  5%,

wllicll  is less t}lall  tile mtilnatcd  accuracy of oul solar )Icatillg  code.

3.4 Water vapor  ancl  other  const.il,  uell(s

W'atervfil)or  cc)llcc'lltratic)  llsal-c~Illeas\l  re(l ill tllc 183 G117, cliauIlcl,  l’ortllc~)eric)d l)ctwcc[l ,JUIIIL

2 and July 1 7 ,  1992,  WIICHI tile 1[20 cllallllc,l w a s  Ilot ol)cratic]llal, clilnato]c)gical  values  coI[illil(wl

hy tllc lJAll  S Science  ‘Jkam are used. ‘1’IIc  [JAI{S tvator  va])or clilnatology  below 0.5 Ill)a is l):ismi

])rilnari]y  011 t}lc  1,1h4S  data (e.g., R u s s e l l  et al, 1984), assulllillg sc)lnc sc’asc)lial  sy]ll]llctry  ([)
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in])ut  fie]ds arc required, the longitudinal  reso]utic)ll  is also 5°.

4,1 Sol:~r  Ileati]lg

‘J’lIc  al)sorl)tio]l  of  suilli~,llt  by 03 at lJV a]ld visil)lc  wavclc]igtlls  ]Jrovides  tllc lnajority  of  tllc

solar }Icatillg  tit ]ilost stratos])lleric  l e v e l s ,  l~ut al)sor})tioll  w’ithill IIcar-illfrared 1120, (;02,  and 02

I)a]lds  also ]Irwduces  substalltia]  IleatiIlg  (1 o to 30%) ill the lower stratcq)here.  A variety of other

gases (N?(),  C;114,  N02)  cotltributc  Inucll  less solar heating, hut  are included IIcrc for colnpletmless,

as is Rayleigh  scattering aIId scatterilig  by tro])c)s})llcric  c louds. Rayleigh  scattering indirectly

increases solar ILeatillp;  at sc)]ne  levels  I)y increasing  tllc ])atll  lcngt]ls traveled by solar l)lLotc)lls,  aII(l

(lecmases it a t  other  levels  by rdlectillg  so]a] radiatiol[  Lack tc) sl)acc)  l~cfc)rc it call  be absc)rhcd I)y

tllc atlnosl)llere  c)r tllc surf  me. ‘J’rol)os])llcric  clouds alsc) I)rc)duce slllall  increases ill tllc stratos])heric

IIcatillg  ratw l)y rcflectilig su~lligllt  back t}lroug]l  the stratos])hcm  fc)r a scccjIId  pass, again illcrcasillg

tile ])llotc)ll l)atll  lcl)gtll and the ])robability  of al)sorl)tic)ll.

We have colnbilled  two different radiative ]noddillg  Inetllo(ls  to afxoullt  for tile scattmillg  slid

ahsorptioll  of sul Lligllt  by tllcsc J)rocmscs. At wavdulg;t]ls  outs ide of tile stro]lg llcar-iIlfrarcd

1120, (;02,  and 02 al>sc)rptioll  Lands,  wllerc’ t i le  extillcticlll  of sunlig]lt  is dolnillated  by Rayleig}l

scattclillg  a]ld colltilluuln absc)rl)tioll,  .solar fluxes a]td ]Icatillg  rates are ohtaillecl  frolll a IIlulti])lc

scattering IIIC)dc~l  based 011 t]lc Inulti]cwcl ti-l’;(lcl  illgtc)Il/a(l  (lillg  IIletllod  (C;ris])  1986). ‘1’llis  a])proach

Calillc)t l)C used at Ilear-illfrard  wavcleligtlls w’itllill  stro]lg g a s  vibration-rota  tioli hands,  Lecausc

tllc I)loadhalld  atmor])tioli  witllill t]iesc l)allds does Ilot s a t i s f y  t]le lle(tr-  ]lc)llgllclr-  ],alllb(trt  ],aw

(I,iou 1980;  (;orJcly alkd Yullg 1989), as t}lc  IIlulti],]c  s c a t t e r i n g  model requires.  WC ]Iave tliercfor~

rc])lacd tl~c A-l’J(l(lillgtc)  xl/a(lflill  F, Inode]  wit]l a l[]ucli silllplcr  2-strealll  Ilc)llscattming  II IOdel (I~ris])

1990)  for tllcsc s])cctral regions. ‘1’lIcI l~roadllalld  gas al~sorl~tioll  at tlicsc wavctlcllgtlls  is cvaluatd

l)y IIlcalls  c)f a Voigt quasi-ralldolll  INodcl  ((-;ris]) 1 990; Salltec al[d c;ris}) 1  9 9 3 ) .  ‘1’lIe al)sc)r})tioll
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l)y cloud dro])lets is also i]lcludcd at these wIavelelIgths,  hut IIlulti])le  scattering is ]Ieglcctd.  ‘]’hc

solar s])cctru]ll  is divided ilito 755 s])cctral illtcrvals, equally spaced ill Wavcllulnl)cr  l)CLWQ<III 0.125

:illd 5.26 IIlicrc)lls,  ill Ordc’r tc) resolve tllc Wavelmlgt}l  dclIc]ldelIcc  of tile solar flux, of tllc Rayleigh

scatt, erill,g, cross scctioll, alId of tllc aljsor]jtioli  ccwflicicllts  c~f tlie p;as and cloud alm)rl)tioll  features.

S}){!ctral  illtftrvals  occll]jic(l  byillfrard  vil)ratic)ll-rc~tatic)ll  l)allclsof gases are flirtller  s~ll)(livic]ecl  ilitc)

2C]II-] illtcrvals to illl])rovc  tlleresc)llltioll cjftlle  l~all(l ])rc)filcsall(l  tllcaccllracy of tllc])rc)clllct  r(llc

(Goody  and YUJIg 1989)  whiclI i s  used tocc)l[lltillea  l~sor]}tiol[  bytwoc)r  mc)rcgasestllat  absorb

ill tile salnc s])cctral i]lterval,  Absc)r])tioll  cross scctic)ns  for 03 and 02 ilL tile visible a]ld IJV arc

take’11 froln l)chlorcct  al. (1990).

%lar fluxes at the top of the atlllos])llere are takeri  frolll  ‘J’llekaekara  (1969).  A ],alnhcrtian

surface is assul!]cd, wit]l  tllc visil)]e al bolos  takc,ll  froll~ ]S~;(;]’  data. ],’or t~lc, ll~ar-illfrarcd,  We ]Iave

assullld  that the ratic)  of tile surface IIear-11{  alhdo tc~ visit)le  alt)do  de])ellds c)]l surfidcc ty])c and is

a])l)roxilnatd  by tllc cxl)rc’ssiol~s  of llriq,let]  (1992). IJatitudillal  distril)utic)lls  of surface vegetation

llavc’l)c’cll  cJIJt;tillc(l  frc~]lltlle  NASA (Jc)(l(lar(l  l]lstitllte  f()r S])accS  t~lclies(  latahasc(  hlattllc~\sl983,

1984) alId  tlie lS(;~l’  icc-alld-sllow  fraction is illcor])oratcd  ilito the talc.ulatioll ill order  to arrive

at a l)rohal)lc  llear-11{ alhdo for each Inotlth atld Zolial  baud.

‘1’lle w’aveleIlgtll-(lc]  )ell(lellt  extillc.tioll,  absorl)tic~ll , and scattmillg  cross sections,  a~ld tllc scat-

tering  ])llase  functions  for ]iquid  water c]ouds ]lave  bceII derived by loea]ls  of a Mie-scattc’rillp;  JIlodcl

wllicll  colnl)i]les  a  h4ic~-scatterillg  algoritlllll (\Viscolnl)c  1980 and 1992, l)ersonal cc)ll~lllll~~icaticll~)

with tile IIlctllods  used to integrate over })artic]c  size distrihutio]ls  descri})ed  by ]Iallscll  and ‘1’ravis

(1974). (~loud ],article  size distributio],s  for altostratus  (Iniddlc) a*ld stratus (low) clouds am takcll

frc)ln  ll:iI}seII  (1971). Refractive indices  for liquid water  arc taken frolll IIale and Querry  (1973). l’or

cirrus clouds, we use tllc wal~elcllgt}l  -cle; )cllclcllt  o])tical  I)ro])ertics  for mluln~]ar ice cduIm Is (l’rm-

IIlall  a~ld l,iou 1 9 7 9 ) .  ‘1’IIC IIol[iilla]  visillle  O})tical  de])tlls  fo r  eac]l clc)ud  ty])c arc) frolll Stc])]lc]ls

12



(1978).

l)mpite e]IliaIIced  aeloscd collcclltratioIls  iII tllc stratos})llcre duri]Ig  tllc early II]o]ltlls  o f  tllc

lJARS lnission  c a u s a l  bythemu])tion  ofhflt.  l’iIIatulJcI,  tllcl)rescIlce  c)facrcJsc)ls  isigllc)re(l. ‘J’ltis

IIeglcct lias I)ccll ])rc)lll])ted  by tlledcsim toohtai]l  a data lmseof h e a t i n g  ratesfc)rcolll])arisc~ll  w i t h

])ast w o r k  and for futllre  rcfcrellr-e  and I)y tllc diflicu]ty  ill ohtai]li]lg glol)al  cstilnatcs  of acroso]

])ro])erties  and al~ullda]lcm. A s  a e r o s o l  o})acitics  atld c)tllcr  o])tica] ])roperties  becolne availal]lc

froln lneasurenlmits  by groulld-based , aircraft, satellite, and other lJARS ilistrulncnts,  it will he

])c)ssible  to include aerosol efl’cc.ts ill the calculatiolis,  w’itll OIIe caveat: our code is IIot desig;lld to

IIaudlc simultaneous I[lulti]de  scattering  and Ilollgray  absor])tion,  which is im])ortallt  in tile prw+e]lcc

of t,l Ie l)i]latul)o sulfate aerc)sols.

4 . 2  lnfrard C;ooli]~g

Al)sorl)tio]l  and elnissic]]l  witlli~l  tllc strorlg,  (;02  IL1lIII I)alld and tile 03 9.6-ll]n Land dollli~late

t]le tllerlnal  f l u x  divergmlccs  a]ld coolillg rates  at IIlost stratos~)llel-ic  levels. A  variety  of Otllc>r

gases illcludwl iIl tllc lno(le]  alsc) a})sorh and Clllit  tllcr[l)al  radiation, but their c.olltrihutions to tile

stratos])lleric  coc)lilig  rates arc II)uclI  s]]laller. IIigll-  altitude  trol)os])]lcric  clc)uds  afl’ect  tllc thmll)al

cooli]lg  rates within the lower stratos])llcrc  l)y Illodulati]ig tile u])ward  flux of thc\rIIlal  radiatio]l

from tile war]n surface and lc)wer trol)os})llcrc, lIIIt t II() r e l a t i v e l y  l o w  sillglc s c a t t e r i n g  all)c(]o of

water dro})lcis atld ice crystals at tllesc wai’clt,llg,t  Iis rt’{l{lces  tllc

‘JThis  sul)stallt.ially  decreases tlie col[lplcxity  and tt,lllllutatio]ial

IIlodelillg ]nct]lods.

Ill])ortallcc  of ~rlulti]jle  scatteri]lg.

cx~)c]lsc  of tile tllerltlal  radiatilre

'l'oacc()ullt  fortlle tllcrI1lal  ra(li:itive ])rc1cc,ssf,5 li5tf,tl  al)c)kc~,t ]lcra(]iativc~t  rallsfcrlllcl{]eli  llc]ll(les

al)sor])tioll  by gases (llz(),  ~oz, 03, I’!zo, (;114, 02, .X02) and c l o u d s ,  hut IIcglccts  luulti])]e  scat-

teri]lg. A Voigt quasi-  ralldoln lnodel  ((;risp  ]989, 1990) is used to fitld gas trallslllissioll fullctiolls

13



witllill  s~~cctral  intervals Occu])id  I)y ~’il~ratic>li-r{~t;~tic)]l  }J:iIIds. ‘1’lIc’ ]Iletllod  descril)ed  by Roberls

et al. (1 976) is usd for water  va~,or co]lti],uu~,l  al,so*ptiol,. ~;loucls  atld aercwols  arc trcald  a s

colltilluuln al)sorbcrs  witllill cacll  tllerlllal ill frard s])cctral illtcrval and tlictir  trallslnissic)ll  i s  c)l).

taillcd fro]rl  l!ecr’s  law. ‘1’llcso]utio]l  tc~tllc’  tllerlrlal  c(l[latic)ll  Oftr;t]lsfer issilr}ilar tot]lat descrihw]

by (;ris]j  (1989, cquatiolis  ( 5 ) - ( 9 ) ) ,  cxcc])t that we lIaVc lnodificxl  tllc sul-face  I)ou]ldary coIlditioll

to i]lcludc  a ]Ioll-unit  clnissivity, and a te]ll])eraturc  gradient Letwecll  the surface aIId the first

atlnos])llcric ICVCI1 above the surface (Crisl) 1990, cquatioll (14)). llt tltc calculatio~ls  re])c)rtcd  here,

tllc twostrcaln,  difl’usivity-fid  ctor a])})roac]l  fc)r a])})roxilllati~lg  tllc u})ward and dowl}war-d  therl[[al

flllxt’s  isllsc’cl,  ljl]tc)llrc o(leca]l also ap])]y tl]e]llc)re  rigc)rc)(]s  ][illltistrea]l]  ][letho{l,  i]l whic]l tllcr]llal

radiances arc obtai]icd doIIg  8 strcalns  and gaussiall quadrature is used to illtcgl-atc  tllc radiances

over mlith angle, i.e., tile Inodd  coln])utcs tllcrlnal  radiances along 4 upward streatns  and 4 dc)wlI -

ward st]canls, slid tl~e thcrjna]  flux illtegl-als  for tlie u])})m and lower helnisl)hcm are evaluated

usillg  a 4-l)oillt  gaussiall quadrature.

‘1’llc tllerlnal  s~)cctrulll bctw’cell  5.26 and 250 lnicrolls  is divided irlto !35 sl)cctral i]ltcrvals ill

order  to rcso]vc gas al) SOl}JtiC)Il ]Iallds a]ld t]lc v.’ave]c~l~,t]l  dc])cIIdeIIcc of t]lc l’larlck fullctio]l.  A s

ill tllc solar flux calculation, s])ectral intervals c)ccu})icd  I)y gas Y’il>latic}ll-rc)tatioll  l]allds  arc furl,ller

sul)dividcd ilito 2 Cln-l intervals to better resolve I)iilld  cou]ltours alId tc) i][)prove the accuracy of

t}lc]jroduct  rule. Gasabsor})tion  li]lc ])aralnctcrh  ;IL ill frarcd wavelmlg;tlls  arc taken froln the ]992

cditioll  of the 111”1’RAN  database’ (Itot}llllall ]9!)2). ‘I’llcr  IJlal illfrard  s u r f a c e  a]bdos arc takclI

froln Warreli  (1982 )fors11c)w, a.ssullld  to I)c z{’1()  ff~r tlry la~ld, and calculated cx])licitly  for c]ceall,

including tllc cff”ect of increased sda-surface r(](lp,tlrl{~~~ d~ {)IIC goes f~olfl  tllc trol)ics to high latitudes.

‘J’lIc IIigll  accuracy of our tllerlnal  infrared  CI)(I(’ u]idcr clear-sky collditiolis  is doculncllted  ill

l’ig. 1. ‘J’llis figure also snows that ]nost of our conclusions  would  ill fact be valid if ollly  clear-sky

situatio!ls  with t]lrcc radiative gases (]12C), f~oz, alltl  03, and a single surfidce albdc) of ().3 were
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cc)llsiderd. ‘J’llat is, tlie c)tllcr  ~ases as well as tro])c~sllcric  clouds arI(l tile distrihutioll  of s u r f a c e

all~cdo call  l)c regarded  as “c’lllt~cllislllllcllts’) to tile mrotll  order  efkts ]Jrc)l’ided  by the thrw ]Ilai]l

~asc’s. It is tllc extmlsivc tcll]pora] and s])atial  coverage and the h igh  ver

te]l]])erature,  ozolie,  and water  vapor lncasurelnclits  which ccJ1lstitutc  tile

theprmmlt  study.

ical resolution  of MI,S

Inost valuahlc asset o f

5 lbsidual Circulation

‘1’llcllct  [lial)atic  lleatillg  rates  Qarcc)btaille(l astlleslllll  ofsc)lar  llctatillg  a]lflirlfrarecl ccm]illg

rates, c a l c u l a t e d  ill tllc lllali]im  dmcri})cd  ill sectioli  4 . Given Q, tile vert ical  and ]Ileridiollal

com])o]lcllts  of tllc residual circulatioli (7J‘+, W) a r e  coln])uted froln quatio~ls (4) and ( 5 ) .  ~’llc

—.
W’/8t term has bccri  coln])uted by difl’crelltiating  cquatio]l (6) with rcspcd to time, forlniu~ tile

daily glol)al  ~llaps  of 07’/8t,  and averaging bc)tlI along latitude circles and over a 6-day ])eriod  (i.e.,

of tllc’ 8 daily syllo~)tic  lna~)s fc)rl[]ed fro!n  tlIe 7.2-day averages, tile first and last arecxcludd).  Sillcc

wc are ]Iot illtercstd  ill 1-2 day variability ill tllc cc)llstructic)ll  of glol)a]  fields, s])cc. tral coln])olle]lts

wi th  &,L > 6.09 day-l (i.e., l)eriods  ~ 1.032 days)  IIavc I)eell cxclucld  ill forlflillg  tllc maps. 11’c)r

tllc pcricds  octol~cr 22-23, 1993 a.rld Jalluary  25, 1994, wllic]l  arc too short to Iwrmit  co]ll])utatio]l

o f  relial~le  ]’ourier  cocfficicllts,  tlic distributic)ll  of {)2’//1/  has heeII set to Y,cro. ‘1’hc  distributio~l  of

.—
i77’/c?t  for tile period l’kbruary 1-17,  1993, is SIIOWII  ill }’igure

be cc)llsidc]cd  t o  bcI all “elIlljcllislllllellt”  ill this study. Withc)ut

2a. IIy and large, d7’/dt call also

glc)hal measurelnellts  of Ineridiollal

a]id vertical winds, the eddy IIeatillg  ter]n 1; callllot  be calculated directly. We ILavc elllplo}rcd  two

Inet.llods  to rxtilnatc  the col Ltributioll to 1; frolll lJlalletary scale eddies. ]n the first method, this

tcrln IIas bmn  co]n])uted  froln thct tllrec-(li]l~cJ1lsic~lial  wind fields  ~)rovidccl by tile (JK Meteorological

ofl~ce  and I)roduced  throug;]l  a data assilllilatioll  ])roccdure a])])lid  to cc)nvcntioual  meteorological

da ta ,  including data froln tile NOAA Stratos])llcric  Soulldillg  lJ1lit  (Swiubank  aud () ’Ncill  1991).
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‘1’lIesc fields arc available for tlie sccoIId (JARS year IJegill]li]lg  011 Se~)te]nl)er  13, 1992. III tile

Second IIlc’thod> l’k‘:2/}] h a s  hWII al)ljroxilllate(l by the forInula

+ ;1)’0’
)1

1. .—.
Q (.—.

() ’0’
1
2 (7)

wllicli CaII lje oLtai Ilecl froln tlie lillcarized  tllcrlllc)clyllalllic  quatioll,  prcwided the tcrlns  ill t h a t

equatioli  Ic])rmelltillg  advcctio]i by zo]ially  averaged lncriclional  and vertical willcls  are Ilegligible.

!$ince  t]le eva]uatioll of t]ic!  r ight-hand side of the above equation  requires  the k]low’]edgc  of the

tllrce-(lill}ellsicjllal  field of Ilct dial)  atic.  IIcatillg,  tile availal)ility  of a radiative transfer code faster

tllali  c)urs is mscvltia]  for this task. We have choscII fclr tl~is  }]ur}~osc tile code dcvdo])cd  hy !$hil}c

(1987) a]ld tl,c tl,ree-cli]l]e,,tic,l,al  fields of ozol,e, tclll])cratllrc,alld  tem])eraturc  tcnldclic.y  obtained

ill a ]Ilanllcr  si]ni]ar  to  that  descril)cd  above for d~’/<)t  (i.e., wit]l tile first a]ld last days excluded

ill fc)r]ni~lg  tli~ tilne average over a given ])criocl  and excludi]lg  s])cctral Conl])c))lez[ts  with 0,, > 6.09

day- l ) .  'l`}lc(listrit)  lltiolls  c] fl;c)btailiecll  )ytllct lvc)l]~ctllcl(lsf  c]rtllc]  )cric)(lc )fI`el.lrllaryl-  l7,l993,

are Sllow]l ill 1(’igure 26 mid 2c, r e spec t ive ly ,  toge the r  wit]! the distril)utic)ll  of net IIcatillg  I/cl,

(1’igure 2d). We IIave cliosc))  this period for illustrative })url)oscs,  since the atlllos]~herc  was highly

disturhcxl  at that tilrlc and tile corres])c)lldil]~  va]ues c)f 1; are ])articular]y  large. As call be secll, 1,,’

is ]Ic)t  ]Ieg]igible  ill com])ariscm to ~/cp, es]lecially  at high latitudes arcmnd  10 hl’a.  IIc)wevcr,  the

rcte]ltio]l of tliis  term in cquatioll (5) chal)ges  tllc distributions of (0‘-”, ti]”) oJIly slightly, c)utside  of

tllc wilitcr IIigh latitud~s  ill tile lower stratosl)llerc. Since t]le Inai]l fc)cus of this ])allcr  is OIL the

equatorial u])~)cr stratosphere and lower IIlesos])llere, we have ]Ieglccted  this tcwln ill tlie suljsequellt

calculations. It is illterestillg;  to IIote that tllc t~vo II]etllods of calcu]atillg  },,’ give qualitatively silnil:tr

results ill tlic u~}])cr stratos])llcrc, ‘1’he  disagrccll}elit  at lower altitudes may reflect the inadequacy

of a])])roxilnatioll  (7) under  disturl)ed  collditiolls, tllc uncertainties  ill assilnilated  fields (e.g., u)’),

or difl”crellccs  ill tile cc)m])uted  diahatic  IIeatillgs  due tc) dif]”errllt  algoritlllns  and illl)uts.
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l’;quations  (4) and (5) arc solved l)y IIlealls  of a Ilulllcrical  a])]jroacll  dcvelo])ed hy I{.-l J. Sllia

slid M. Salltec, ill which a strcall]fullctioll  y+ is introduced

(8)

and tllc tllc’rlllc)(lyllalllic  cquatioll  is diffcrelitiatd  with rcs])cct  tc) la t i tude. ‘J’lIc resulti]l?,  strea]]l-

fullctic)]l  equatio]l [equatio]l  (20) ill Sa]ltec:  IW3)issolved  byalnatrix  inversion  tcdnique,  with the

hcIuII(laIy co]lditio]ls  ~“ = Oat tlle])olcs  irltrc)(ll]ce(l  natural ly.  ‘I’}ll]s  tllescllel]]e  avoi(ls liulllerical

illstabilitios  associated witl~  integrating the ul~diffcrcntiatcd streamfunctiou  equation  from pole to

])ole. III additioll,  alnajor  advalltageof

ilnl)alallce l)c’twml  heatillg  and cc)cding

this ap])roac]l  is that it avoids the pmt~lem of any global

r a t e s ,  a ]]roblmn whic]l IIas lIeNI slIown  tcl IIave scric)us

coIisequcJiccs  for the resulting  diabatic  circulatio]l (Sllirlc  1989) (hc]w’ever, tlle])resent  a])]) roach

does not alleviate tile problmn c)f atly errors  ill the lncridiollal gradients c)f the Iiet lleatillg rates).

‘J’llecalclllatic)  lls of(l)’, ~{]+) are ~~erforll~cd  OIL a grid s])acd 5° ill la t i tude and 2 k][l ill log-~ )ressurc

al t i tude.  Nc)-flow l)oulldary  co]lditio]ls  are al)])lied 2 = 74 k]n (0.02 hl)a)  and at tile poles. At z =

16klu  (l OO1}I)a),  tllecc)ll(litic)]l  expressed hycquatio]l  (19) ill Salltc[’  (1993 )isaI)])liecl.  essentially,

this condition  amou]lts  tospccifyilIgiil*  at tllelow’er boll]  l(lary (viatllct  llerl[lo{lylla]  llic equation),

l)ut u]llikc <larcia al~d Solo]])o]l  (1983), wlloim])osed  in” extcmla]ly,  our II]atrix  inversion tech~lique

ma bles us tc) dcter]nine  iii* at 100 h]’a self- cc)]lsistc]ltly,  While II)’ SC) c)btaincxl  caniic)t accou Ilt f o r

tlIe total ]nass flux at 100 Ill’a, especially in tlie tropics, it Illay  still be all interesting quantity to

colnpare  with the values frol[] Garcia a~ld Solo]  non ( 1983), IIolton (IWO), a]ld Roscwlof a]ld IIo]to]l

(1 993) slid we plot W at 100 h]>a, averagd  for eacli  c)f tile four seasolls, as a function of latitude

ill l“igure 3. Our ]nethod  of cc)lnI)uti]lg  lu* , based 011 tile radiatio]l  budget,  is ex])ec.td  to l)c lnc~re

relialdc than  ])ast estimates, given  tllc high accuracy of our radiative transfer mode]. lIowever,

as discussed earlier, ul~certaillties  Illay still Ije large at 100 1~1’a, givcll  ulicertaintim  allcl tllc tlclll-
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to calculate tllc riglit-]la.rid  side of equation (1 ) and thus tile forcing of tllc circulation (I fartlnalin

1 9 7 6 ;  SIIiIIe 1989). ‘1’his forcing is tlIc SUIII of colltributioIls  frolr} })lallctary  ,aII(l sIllall scale wawx.

It is thought that the forlllcr doll~illate  in the stratosphere, hut their  ccnltrihution (1 /pacosI#))V3

cal)nc)t  Lc separatdy

l’igurcw 4-8 snow

dctmlliilled ill a zollally-averaged a])]) roach.

tile co]]]])utmd distributiolis  c)f tllc zollally  avcragd  gradimlt  wind, tile lnass-

wcigllted  strcalnfullctioll  X* =. 27rap~c: - ‘1}]~’, tile IIleridiclllal  allcl vcrticd  colII])o]IelIts  of tile resid-

ual circulation), and tile zollal lnolnclltuln  residual, respectively. ‘J’lle time derivative of gradiellt

wind required  for tile cdcu]atioll  of tlIcI molneIitu]n r e s idua l  i s  co]n])utcd  by clifl’erentiati]lg  tllc

gradient wind equatio]l with res])cct  tc) ti]ne and using the fidds  c)f {) T//)t  coln])utml  fro]n equation

(6), togct]lcr  with tlic tilne derivative c)f the gcc)pc)telltial  }Ieig}lt at 100 hI’a cc,lnl)utd  l,y fil,ite

difl’ermcing.  ‘J’]le  ,gross  f ea tu res  ill ]’igurm 4-8 al-e quite silni]ar  i~i tile three lJARS years.  ‘J’lle

])articu]ar  features for earn of the five fields will he discussed ill tur)l,

5.1 ti

‘1’hc  ]Iortllmll I~e.lnisp}}ere  vmstcrlim  arc weak ill January

t:itic)ll  c)f nlillor  stratosl)llcric  warlniligs. ‘J’]le  final  warlnillg

1992 and January 1994, a lnallifes-

i]l the southml  hemisphere is WICII

underway by tile CIIId  c)f octohm. lti January, a strong  easterly jet wit]l  velocities ili excess of 100

111 s-’”1s present at soutllerll subtro])ical  latitudes ill tile lower lnesos])llcre  and upper stratosl)here.

]JI ]“cbruary,  aresidua]  core ofeaster]ics resides around  2 11]’a at 10°S. Simi]ar]y  stro]lg easterlies

wrerc coln})utd  at the same locatioll by llitcllll~all  ( 1985) for Jal Luary 1979,  bad 011 l,lhl  S tell~l)er.

aturcs. Iu Ilis study, the residual core c)f easterlies ii) Ikbruary  1979 resides arcm]ld  7 h]’a at 10°S.

our study  shc)ws that :ili eastcr]y  jet also for]l]s ill tile lower Inesosl)llcre  and ul)l)cr strhtos])llere  ;il

IIortherll subtro])ical  latitudes ill July, hut  the IIlaxilnuln  velocities are somewhat reduced colnl)arml

with January.
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5 . 2  X* ancl T~*

‘1’lIc IIrcltrcr-l)c)ljsc)ll  circulation (u})w’ellillg  ill lowr- tc) lnid-latitudcsl  dowllwcllilig  at lligll lati-

tudes)  CaII clearly be smI ill the distril)utic)ll  of X*. III March, tllc southcrll  hrarlc.h of tile llrewcr-

1)01)s0]1 circulation illtl  udes i]lto tllc~ llortherll  hemisphere around  the stratcq)ause.  III the wi]lterti]nc

hemis])llere,  Z* is large at subtropical and mid-latitudes around  tile strato])ause,  forlning a jet-like

feature with twc) hrallclles in the u})])er stratos])llc’rc  and lower lncsosphere.

ill tlic jet ill Ja~luary arc: allnc)st  a factor of 2 higher than  those diagnosed fol

il~ the lower lnc.sos~)lim-ic  blal~cll  of the jet  ill January  1992 (u]) to 5 ]n s– 1 )

‘J’lle ~)cak values of l’

July. Our ]Jcak values

are silni)ar to those c)f

llitchlllall  and l,eovy (1986), w]io diagnosed a silililar  jet-like feature in the lower mcsos]]here frc~ln

I, IIL4S  data (see their l’igure 16), but  did not diaguosr  the up]m stratospheric branc]l of the jet.

A

al

A

al.

hint of a lower mcsospheric  jet is also present ill tile other l,lMS-based studies by SolomolI  et

( 1986) al,d Gillc et al. (1 !387), but their peak values arc roug],ly a factor of 2 lower thal,  ours.

willtcrtilne  lower Illesos})llcric  jc, t alsc) was ])rcsellt  ill the clilnatc)logical  studies by ltoscl Ifield et

(1987) allcl (;allis et al. (1987). As poilltcd out hy ~;allis  ct al., whether or Ilot  strong  })c)leward

flows arc obtained  dcq)cnlds,  espcc.ially  in tllc ])olar Iliglltl oll t}ie  usc of  a  detai led ilifrarcd coolili~

c o d e  atld they would Ilot  k secl~ if a Newtonian  CCJCIQ were used . O~Ic of us (Jk’,) has fc)und out

during  his ollgoillg  research  at Ml’l’ that a w’illteltilllc  jet around  the stratopausc  is present ill ttic

distribution oft” calculated using winds from tllc (;lrl)14 “SK YII1” general circulation) l[lode].  ‘Jllis

nlode] jet is c.o-lc)ca.ted with a. region  of weak lnixill~ diagllosd  l)y alialyzillg l,agraligiall  trajcctori(’s

of air ])arcels,  which suggests that the ])rcsc’lice of a rcgio~l  of strong  IJ” lnay IIave i]n])licat.iolls  ft~r

tllc dis])crsal  of cllmnical  collstitucrlts.

III Jalluary-1’ebruary  and ill July-August , ou] distril)utioll  of ~T* shows a structure with tw[)

lnaxilna  CJOSC to tlic upper boundary of the dolliaill  (again,  the values for January are a factor  of

2 llighcr  tllau  theme for July). ‘1’11(’  I(laxilna  arc located  at 50-60° and 2 0 - 3 0 °  ill tltc v.’il~t(’r-  :iII(l
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sulnlnertimc  llcmis]jhcre, res]]ectively.  A silnilar “{lollblc-])cakc.{]’) structure was diagllcmd  for the

winter  of 1979 ill tll~ l,lhl  S-l)ascd studies,  w’itll tllc ])cak values of llitcl~l[lall  aIId I,eovy  si]llilar  to

ours (i], excess of 7 II, s-1 ) .aI,d tlIoscI  of S010,,,0,,  ct al. and Gille  et al. a factor  of 2 lower.  IIowfevcr,

w’c wish to c]n])llasize  that the rca]ity of our strong  lncridio]lal flows ill tlie Inesosl)hcm  is ill Iieed

of furtllcr  assessment ill view of the uncertain  quality ofMl,S tem]leraturc  data at pressures lower

tllall  0.4- O.2hl’a.

5 . 3  ii)’

‘1’llc downwcling  branch  of tile IIrmver-l)obson  circulatio]l cxtellds  to greater heights in the

willtC’1  ]lC1lliS])}l CIC ~Ild jS ])1’C)ha}Jl~ COIIIIC)CtfX] tO ~ ll]CSos]l}lC’liC CIC)Ss-[’(]UatOr  jal CC]l (l X?OVY ]g~d).

Strong  (ill excess of 16 lnln s-’ ) dc~wl~ward  velc)citicw  at hig]l latitudes ill the willtcrti]ne  lower

lncsc)sI)llere  are a feature  our  s tudy shares  with that  of Solc)tilon  et al. (19!36). As cx~mctecl,

wilitertime  dc)wllward velclc,itics  ill tile stratosl)llcre  arc greater ill the llorth,  sillc.e  tllc greater wave

;ictivity during  uortller~k willtcl-  leads tc) larger dcq)artures from radiative equilibrium and thus to

larger  diabatic  cooling  rates. ()]I the other hand, the ficIld of 11~” is very sylnlnetric  l.~c’twccll tile

IIc)rth and the sc)utlI  during  sulnlncr  allcl fall. l)urillg  s])rillg,  downward  velc)citicw  at IIigll  l a t i t udes

arc large’r ill the southcrll  IIcmis])hcre.

}lL tllc trc)})ics , a rc’gion of Clowllwc’llillg  exists ill the u})])er stratc)s})llcre  and lower IIlcxos])llerc

during  Ilc)rtllcrll  and southern  win te r s . l“roln  ]Jccelnhcr

dowliward from a level ill tile mesc)s~)llere.  “1’llis  bchavic)r

throu.gll }“cbruary, this  regiol~ cxl)allds

milnics  t ha t  c)htaincd  by IIitchlnan  and

l,cc~vy (1986), who colnputed  tile residual c.irculatio]l using l,lMS clata. A regio)l  of clownwclli]lg

amulld  the  tro~)ical  strato])ausc. w a s  also com])utcx]  by Solc)IncnI  et al. (1986) and Gille e t  a l .

(1987), agail, based 0,, I,lMS data. on the other  IIal,d,  it was ]Ic,t obtai],ccl  i,, the. studies based 0,,

Clilllatolc)gical  data, sillcc’  tile coarse vertical resolutic)ll  of the clilllatological telli])craturc  fields, as



,

WC]] as tile ]nol LtlIly aVeI-agi  IIg used tc) obtain  those fields, terld to reduce tile aln])litude  of vertical

tmn])crature  colltrasts  (Ilitchnlan  1985). As discussed by IIitchmall  and l,covy, the presence  of a

re~ioll  of dow]lwwllillg  arou]ld the tro])ica]  stratopausc  is lclatcd  to the IIigll-tc]ll])erature  pliase o f

tllesclnia~lllual  oscil]atioll  (SAO).’J’llct seascJIl  cJfl1laxili~~lll~  telIll~crat~lres  at tlletrc]]tical  stratopause

cc)rrcs])ollds  to a tilnc’ of IIlaxinluln  diabatic.  ccmlillg  (since  at thcm altitudes cooling  is dolnillatcd  by

tllc coolillg;-tc)-s]  jace Incchanisln),  as well as to a tilnc oflni~lilnuln solar hcatilig  (since tclnperaturc

and ozone arc anti-correlated). 111 a diagnostic  calculation, tllcse two effects lead to a lnaxilnum ill

tllc IIet diabatic  cooling, and ~llus a Inaxilnuln ill the dc~wnwarcl  vertical vcloc.ities  (but see smtioll

6 fora discussio)l  ofcauscalld  efkct in tlliscasc).

5,4 Zonal  momentum resic]ual

As ex])ected,  the sig~l c)f tlle residual ill the nlmos])licrc  is lnostly opposite to that of the

Zo]la]  wind, wllicll  is consiste]lt w i t h  sl]}a]]-sca]e c]rag, ‘1’lle Inagllitucle  of tllc drag at lnid-  and

IIigll  ]atitudcs  ilL t he  willtcrtilne  lower lnesosplicre (in excess of  70  III S - l  day--] in Jalluary) i s

significantly greater tliall  ill ])rcvious s t u d i e s  (Sllillc 1989; ~~lloi and }Ioltoll  1 9 9 1 ) ,  lnaill]y as a

results of our ])ighcr values of Z* (since, at those latitudes, tllc major C.ontributio]l  to the residual

is froln tile -- ~T” tcrln). ‘J’lle drag is smaller during  sout}lerll wilitm. 111 the Ilorthmll IIcvnis]jllcre,

rcgimls  of enhanced  drag exist around 1.5, 4 and 10 hl’a at mid- and high latitudes during fdll

and winter, ‘1’hesc r e g i o n s  a r e  likely  to be tile locatiolLs  wllcre  ~)latlctary  waves break.  Silnilar

rcgiolls  m i s t  in tllc sc)utherll hemis])llcre, ljut ill July-August they tend to be weaker than tlicir

cc)uliter})arts  ill Jallllary-1’cl>r~lary.
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G  SAC) and Stratosphmic  ~lansport

‘1’]Ie  SAO siglla]  in iiJ” discussed ill scctioll  5.3 lias t)ccll  diag[losed  fro)n tlic observed distrihutioll

c]f tcln])erature  and OZOIL(I. ‘1’lLis  diagllc)stic  result dots IIot iln])ly, IIowevcr,  a cause-and-eflect

rclaticniship hctwcwu  ‘1’ and ti”~”. Rather, the distribution of ‘1’ is a result of dyllalllical effects

(rc])rcscnted  by II)*) and radiative dkcts  resulting froln tllc a]lllual  cycle ill the solar hcati]lg  rates

(Andrews  et al. 1987). l’ollowing Gcllcr et al. (1992), the regions of the middle a tmosphere

where these two effects  dolnillate  can be delineated by coln])uting the correlation cocfticic.]lt  r

bctwml “1’ arid til+. ‘1’he  distrihutioll  of ? for the first 25 lJAl{S months is shc~wn ill Fig. 9. in

tllc stratosljllcre,  tliis distrihutio]l  hears  a striki I1g rcsclIllJlallce  t o  tlie distril)utioll  co]llputed by

GellcIr et al. from climatological  data for 1978-86 (see their l’i.g. 3). in particular, ‘1’ and Z“i+  are

stroligly allticorrelated  ill tile trc)pics  and positively correlated at hig]ler  latitudes. ‘1’lle tro]jical

allticorrclatiolL  implies dyllamica] control of temperature: rising residual !notio]ls  give rise to cold

telnl)eraturcs  and desc.culcling  motions  give rise to warln teln])eratures. 111 tile extratrc)})ics,  C)]I t he

other  hand,  the tem])eratures  arc ~~rilnarily  under  radiative control: warln ill sumnlcr  and cold ill

willtm, with the season of cold tmn])cratures  coinciding with the season of strong downward Ti)”

(tllisclowllwarcl lllotioll  callscs  tlletellll)eratllrcs tot)e}ligller  tllalltliey  wolllclbc  ill thcahseliceof

dynamical efrects).  Our distribution of r difl”ers  significantly from that of Ge]ler et al. shove the

stra.to])ausc: in the t rop ic s  the allticorre]atioll  t)ctw{wll  ‘1’ and ti+ extmlds into tile lnesos])here  at

a IIigll  confidence level atld, in additioll, tllcrc;  art’ Iiltlic;itiolls  of allticorrelatiol)  at all latitudes at

l~ressureslcss  than 0.3 hl’a.

‘1’lledyllalnical  processes colltrolli]lg  tropical t(’]llljf’ratures  are still scmewhat  ullcertaill.  Geller

et al. argued  for an upward ef[ect of tile ]Iadley circulation and its variations. Yulaeva et al. (1991)

])resclltcxl  argulnc:)ts  that theanllual  com]]ollellt  ofttlctro])ica]  telnperaturc  variatiollsill  t]lelmver

stratosl)llere  is caused by extra tro])ical  wave ])rocesses. 011 t}lc  other hand, ill the trol)ical u])})er
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stratos])llere aIId lcJw~cIrIIIescJs]J}IcIt\ tllel:irgest  siglial  ili tlleteln])erature  variations has a selniallllual

})criodicity and tllc lligll  degree of allticorrclatio]l  scwll for tliat  rcgioll i~l l’ig. 9 i s  l i ke ly  to  be a

lnaliifcwtatioli  of tllc SAO. W i t h  t h i s  ill mind, wc TIOW turn  to a discussioll  of  tile SA() ill tlie

hfl,S-derived fields.

(3.1 Equatorial SAC)

I II order to better  illustrate the equatcwial  sclniannua] oscillation (SA()),  in I’igure 10 we

show the tilne-hcigllt  scctiolls of tcln])erature,  oZOIIC, water  va~)or, graclimt  wincl,  the IIct diabatic

hrati]lg,  tlic lncridional  and vertical coln})ollclits  of the residual circulatioll, tile meridiolla] advcctio]l

of zollal II]o]nclltum, and of the zollal I[lolnc’lltuln  residu:tl,  averaged i:l the 5°S-50N latitude band.

‘1’IIc  fields of ‘1’, 03, alLd if, besides cxhibitilig  a cleaI- SAO signal  ill tlic upper  stratosphere and lower

lncsc)s])herc,  snow a possible quasi  bicllllia]  oscillatioli  (Q]]()) ill tllc midd]c and lower stratosphere.

A ])ossiblc Q1]O signal  is also ])resmlt ill tile til[lc series of TO*, ill additio]l to a stro]tg SAO signal.

‘1’lIc  allti-pllase  relatimlship  ill tile SA() sig]lals  for OZOIIQ and water wapor  are consistent with tile

O])]) ositc vcrtic,al gradients  fc)r the two s])ecies. ‘J’lIcI a]lllual  cycle dominates tlie time e.volutic)ll  ofl~”.

‘J’lIC extrelnc  values oftij’ are -6.5 and 3.7111111 s -1 and :irc thus evcll  larger  tliall tllc values obtaillcd

by c;hc)i and }Ioltml  (1991)  ill their scJIcIIIlc Il]o(lific(l  to [)IlllaIlcc the equatorial  vcrtic.al  ve loc i t i e s

(SCC tllcir F’igure ]2). our equatorial vertical ~clt,citios  ],eak ill January and August, respectively,

with their  magliitudes  being slna]lcr in August.  ‘1’lli~ ~ili~c  asyllllnctry  betwecll the two SA(_)  cyclm

is collsistelit with forcing by ])la.lletary W’ii V(>S, v. lIt)w, ;i(tivity  is greater during  Ilortllcr]l  willtcr.

‘1’he tilnc-lncall  I[lolnerltulll  residual is westerly ill I 11(’  l[)~ver Incsosl)here, which is consistent  wit]]

steady background  forcing IJy Cast U~ar C1-])lol):  t~iitill~ Ivavcs , SUCII  as I{elvill  waves (A1ldrews  et al.

1 987). ‘1’lIC residual has a sclniallllual colIll)oIicJIt  ill ttlc lo}ver  lnesospherc  atid upI)er stratos])llcre

(in })articular I}ctwmll  0.2 and 0.3 hl’a atld  ljet\irPII 1 and 2 lil’a), with maximuln  westerly residual
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during  IIortllcrn and Southerjl  willtcrs. As ill the }litchmall arid l,eovy (1 986) study, the largest

. .
cmltrlbutloll  tO the  lIIOll)C’llt  Ulll residual is frolll the ]Ileridiollal  atlveCticJ1l  t~rI1l,  but ot}ler tCrll~s  are

also iln]mrtallt  (ill })articular,  the II Qgativc  residual i]) early 1993 is duc to tlIe 8ti/8t term).

ill

Severa l  other  fciituws  SC(,II  ill }Pi.gurc 10 are w’ort,ll  nlelltiollillg. ‘1’ilne  lncan easterlies ])rcvail

llle stratos}]llcrc,  reacllilig a lnaxi]llllm  arcjulld  2 111’a, b u t  ill tile nicsos})]lcre  the mean wind i s

westerly. Our vertical IJrofile  (]lot  shown) of tile time mcall  of Z roughly agrees with tile profile

l)resctltcxl  by RMX1 (]966)  ill his ])iollcming  study  of the SAO, except  that our mesos])heric westerlies

arc cvcll  stronger  than IIis, excecxlillg  20 m s–] at ])rcssures  less than  0.3 h}’a.. ‘1’llis  equatorial

su])errotatioll  requires all influx c)f westerly mc])nelltuln  hy waves. Vertically ])ropagating  KelviIl

wavcw are a likely  caliclidate fc]r I}roducillg lnesosl)heric  tilnc nlcan and SAO westerl ies,  althcmgh

IIitcllll}all  (1985) co)lcludml that tile I{elviIl  waves observed by l,lh4S contribute 110 more tlLall

500/0 c)f the required westerly mommltuln, thus i]n])lyi]lg  a ])ossiblc  col]trit)ution frc)ll] ve r t i ca l ly

])ro])agating s]nal]  scale p;ravity  waves. A theorctica]  study of the forcing of tile westerly l)llasc  of

the SAO by Kelvin waves was conducted by ])unkcrton  ( 1979). IIe noted that for a certain range

o f  phase s]mds  and Inolnentum  fluxes at the tro])opausc, t]lc SA() should  h ]nodu] ated hy the

Q]](),  with the SA() westerlies reachi]lg lowm altitudes a]ld lillkirlg  u]) with the QI]O westerlies

during  the easterly ])hase of the Ql]O (the latter t)cillg  usually defillcd as tile prevai]illg  wind

at 30 hl’a).  Such is the situation in our study (SW l’igurc 10d). ‘1’his  qualitative agrmnellt is

certainly ellc.ouraging,  despite the fact tliat our study  is restricted to just one QIJO cycle, and

it sllou]d provide motivation for further studies of the tvcsterly  ~)lla.sc of the SA() using hll, S-

observed waves. As for the easterly phase, wc ]Iotc tliat  the ollset  of SAO easterlies tends to

occur silnultallcwus]y  over a deel) layer, wllicll  scellls to be inconsistent with forcing Ly vertically

pro])agatillg  waves. IIistead,  lncridic)llal  aclvectic]ll  of  easterly lnolnelltu]n and/or  absor])tioli of

horizolita]ly pro]) agating  statiollary  Rossl)y waves Ilcar tile zero-wind line are coImno]Lly invoked
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t o  ex])lai]i  the easterly  pll.ase. IIcnvevm, ill several mode]i]lg  s t u d i e s  the advectioli mdia]lism,

wliilc  impo]tallt  right at tile equator, provd to be incapable of producing eastmlicw as far as 20

d~grcws  fm~ll tlie quatc)r  (Meyer 1970; IIoltoll  slid Wchrl)ci  Il 1980; ‘1’akallashi  1984), t]lus ilnplyi]lg

a grcatm role for tllc critical line al)sc)r])tioll  (Ilo}}kills  1975). We ]Iote that c)ur winterti~ne easter]ics

do ill fact reach 20°. If critical-lilLe  ahsorl)tion  is im})ortatlt.,  thml c)nc would cx])ect  large values of

(1 /paco.$~~)VT,  and thus of tile lnolnrlltum  residual, in tile vicillity  of tile zero-wind line. A close

i]ls])cctio]l  of 1+’ig. 8 does ilicled  reveal tllc prescllce of rcgio]ls of elihancd  momentum  residilal

around tllc stratol)ause  Ilcar 20°N and 20° S ill January allcl July, respectively.

6 . 2  i m p l i c a t i o n s  f o r  s t r a t o s p h e r i c  t r a n s p o r t

by

111

‘J’lic iln])licatio~ls  c)f the trol)ic.al  SAO for tile distribution

Scjlc)moIL ct al. (1986), Gray a]ld l’yle ( 1986), Gillc et al.

of cliclnical  tracers have bc~n studied

(1987), and ~hoi  and }Ioltoll  (1991).

l)altiC.U]ar,  thOSC  iIlV(%ti~ato13 IIOtCCl t h e ’  I’O]C  ])lay(!(] t)y t]lc’ rC’@C)Il O f  (] OWIIWC]}i Il~ ill })lO(]UCiIl~

tile “clo~ll)le-})eake(l” structure ill the distributions of water  vapor, llitrous oxicle, and loetlla]le.  ‘l’lie

distribution of wa.tcr vapor measured by h41,S is shown ili ]Tigure  ] 1. ]t shows a, ‘~(lolll)lc-])eakc)(l”

structure itl low latitudes  ill the March-h lay period of 1992 and 1993 and ill october 1992, ‘Jilie

f~ct that tile douhlc ])eak is more ])rolioullcwl  aroulld tile vernal equinox, with }120 ]nixiIlg  ratios

excedi~lg  7 ])p IIIv at 1 lIl)a  at tile equator  ill Nlarcll  and tile double l)cak missing eIltircly ill tllc

fall of 1991, seems to he collsistcllt with tile vertical velocities at tllc equatorial stratc,l)ausp  I)eilig

larger  during the llortl~erll  winter  ])llasc  of tile SA(). ‘1’he IIlor])llo]ogy  of tllc regioll of negative  ~~1’

at low latitudes is also diffcrcllt  during tile tlvo S.40  ])]lases: during  southerli  winter  this region

is slllaller and is overlaid l)y a rcgioll of u})ward velocities. in the ])rescllt  study, the downward

velocities at the equatorial strato])ause  do exceed 1 11111) s- 1 in March (in March 1993 they eveII

CXCCT(l 2 111111 s- ‘ ), as required  by t~hoi  and IIoltoli  ill order to I)roduce the equilloc.tial  double })cak



.

ill the distribution of )Iitrous oxide. our vertical velocities are slightly IIf?gative  ill tlIe equatorial

u])])cr stratospl)me  as late as A])ril, w}lereas  ~,lloi and IIolto]l  were unable tc) sustain large negative

in’ ili t]lcir study,  lllaillly  because  tllc SAO sig~la]  ill the c.li~nato]c)gical  fields  of teln])erature  they

used was too s]l)all.  OIIe IIota})]e  difference betwccll tlic doul)le  ])cak in the water vapor distribution

ohservcd by I,IMS and h41, S is tile vertical extc~lt  of this feature, wllicll  extc~lds dow]l to allnost 10

111’a ill tile l,lhl  S field, but o]ily to about 2 111’a ill tbc hll,S distribution. ‘J’hc dcw]~ vcwtical  extcllt

of tile I,IMS double peak proved difIicult  to simulate with the residual circulatioli  diagnosed from

l,lhl S (ScdoII~c)II et al. 1986, Gi]le et al. 1987), sillcc  in the latter tile equatorial dowuwel]ilig  olI1y

c’xtellded  down to about  1-2 11} ’a. on tllc other hallcl,  if tlie smaller vertical extent  of the MI,S

water  vapor dc)ublc peak is real, t}lml it should be easier to sin~u]atc with our residual circulation,

wllosc downward  brallcll  at tile equator also cxtellds  dow II to abc)ut 2 h] ’a. ‘J’he full li]lkagc  betwcml

t}lc  SAO and tile “(lc)lll)le-}~c~akccl” structure call  o]lly be estal)lishcxl  by Incans of a chelnical  tracer

]nodel and we intclld tc) ru]i such a lnodel, with our residual circulation]) used as input,  ill the near

fu ture .  We colIclucle  this sectio~l  by noting  a IiIlk  bctwccll SAO and ozone: stratospheric models

based on clilnatologically  diagnosed residual c.irculatiou  fail to re})roduce  tile observed methane

distribution (Yang et al. 1991 ),

colltributc,  via its eflcct  on tbe

allotllcr  s])e.ties witli a “[lo~lhle-])eake(l’) structure, and this may

rcsu]tillg  U() distributic)n, tc) the lc)ng-stalldillg  “ozone-deficit”

])robleln (I;luszkicwic.z  and Alle]l 1993).

7 Summary

With the advmlt of tile lJppcr

study tlie residual circulation))

Atlnosphere  Rescarc]l  Satellite ((JARS), it has become possible to

ill tllc Iniddlc atmos])here  at bigb vertical resolution over several

scasollal cycles. ]n tl~is  paper,  this circulatioll has l)cwII cliaglrosed  froln measuremexlts  acquired by

tllc Microwave I,imb Sou]lder olLlloard UARS. ‘J’hc vertical coln])c)llent  of this circulation undergoes
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a scllliallllua]  oscillatio]l  (SAO) ill tllc trol)ica]  u])])cr stratosphere and lower lncsos])llctrc,  which is

mlatcwl  tc) t}lc SAO ill te]ll])crature  and ozoIicI. our results  ilidicatc  a ]Jossib]e lnodulation  of tllc

SA() lJ}’tllc  (]lla.si-l~iellllial  clscillatioll  ill tllellliddlealld  lowmstratos])llcre,  which iscc)llsistc)lt with

existing  t}leoretical  ]nodcls  of tlIcI  forcing of tllc westerly pllasc of tile SAO hy Kclvi Il waves. ‘1’IIc

latitudilial  cxtcllt  c)f wirltertimcc  lastcrlics,  aswcll  astlle analysis of thczolla] lnolnmltuln  residual ,

suggest a relatively lnil~or  role of tllc’ meridicma}  advectioli of easterly  molnelltum  ill forcing tllc

easterly ])hase of the SAO. “J’lle coln])utcxl  circulation should lead to ilnprovemmlts  in the two-

dilncllsiollal  lnode]illg  of collstitucllts  exllihitilg  a “clollble-])eak  ccl” clistributic)u  in low- a]ld lnicl -

]atitudm, in ])articular  water  vapor and metl~alle.  Since the latter co~ltrols  the ul)])cr stratos])]lcric

(;10 ahulldallccs,  tllcwc illll]rovell~cl~ts  sliould ultilnatcly  lead to better ]nodels  of OZOILC.
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Table 1
Avcragillg  l’eriods f o r  R a d i a t i v e  lIeatillg  atld Residual ~;irculation ca]culatiolls.  Sout]l-viewillg

]’miod is ~;ive]l  l’irst,

Yaw

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

]g

2(I

21

22

23

24

25

26

27

28

29

30

IJabc]

s-o 91

0-N 91

N-1) 91

Jail  92

I“Cl) 92

Mar 92

A-M 92

M-J 92

Jul 92

Aug 92

Scp 92

O-N 92

N-D 92

Jan  93

l“el) 93

Mar 93

A-M 93

hi-J 93

J-J 93

J-A 93

Se]) 93

O-N 93

N-1) 93

1)-J 93/94

J-k’ 94

——

-.

Averaging  }’eriods

Scptemtm  21-25 & October 2-9, 1991

Novelnbrr  6-13 & October  18-25, 1991

November 26- l)ccelllber  3 & I)ecmnbcr 5-12, 1991

January 15-22 & January 6-13, 1992

l’cbruary  6-13 & l’cbruary  15-22, 1992

March 24-31 & March 15-22, 1992

April 23-30 & hiay 2-9, 1992

JuIle 15-22 & hflay 24-31, 1992

July 5-12 & July 19-26, 1992

August 14-21 & August 5-12, 1992

September 13-20 & September 22-29, 1992

October 30- Novelnber 6 & October 21-28, 1992

Xovember  21-28 & November 30- ])cccmber  6, 1992

January 10-17 & January 1-8, 1993

lrcbruary  1-8 & l’cbruary  10-17, 1993

h4arch 20-27 & March 11-18, 1993

April 21-25 & A])ril 27- May 4, 1993

May 29- Julie 5 & May 20-27, 1993

June 30- July 7 & Ju]y 9-16, 1993

August 9-16 & Ju]y 25- August 1, 1993

Septelnbcr  9-16 & Septcnnber 23-30, 1993

October 25- November 1 & Octc)ber 22-23, 1993

Novmnber 17-24 k. Noveml)er  26- Ikcembm  3, 1993

January 7-14 & l)ecclnbcr  28- Jalluary  4, 1993/94

January 25 & 1+’ebruary  5-12, 1994



Table 2

l;xtr;itrcJ])icall  )cJwll~var(]h  4assl~lllxat  100h}’a,  ill lJILits  c)f108kg  s-”l, (;alc~llatecl  lJsinghJl,Sl)ata

aIld tllc ltadiatic)ll  ~odc, ~;om])ared  With Results l’roln Rosenlof and lloltoll  (1993) Obtained Usill.g

lJl{hf10  ]Jata and thcl)owllward  (;ontrol  Method

NIJ

MI,S IJKMO
--

I)JI’ 85.6 80.6

MAM 19.0 45.7

JJA O 25.7

SON 68.6 42.7

Sll

MIA lJKMO

-2.6 33.4

49.0 30.7

67.8 30.1

7.5 27.6

Note: ‘l’lie  extratropics are defined as the region poleward of the lowest latitude at which

vertical velocity is downward (see l’ig.  3). In JJA, the residual velocity is upward throughout

the

the

IIorthcrll liemisphere,  thus giving  zerc) mass flux. ‘1’he IIcgative

u~)ward flux. In view of c)ur estimate for the anllual glc~bal ltleall

value is ]Iot significalitly different froln zero,

value fo r  the S11 ill l)l~J dmotes

mass flux (w 4 x 108 kg s-]), this

.
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Figure captions

l’igurc 1. (a,) A cc)mparison  of thermal cc)cdillg  rates  in t]lc spectral rcgioll  between  5.26 and 250

/1111, com])utcxl  by means c)f a lille-by-lille  !nodel (solid line) and the radiative nlode]  clescrihed

ill the text (dotted li)le). ‘J’he model atlnosp}lerc is the I~R~(;h4 atmosphere (Luther and

l’ouquart  1984)  with three absorbing gases (~OZ, 03, arid 1120) and the calculatio~ls  have

be.mI ])erformed for clear-sky couditiolls. (b) A comparison of net heating rates for clear-sky

conditions with thrfx gases (solid line) and cloudy conditions with sevm gases (dotted line).

‘1’]le model atmosphere is t}~e 30°N average for July 19-26, 1992, as observecl  hy MI,S.

}’i.gure 2, ],atitude-height  sections of (0) t empera tu re  t,elldellcy  OT/dt,  (b) eddy lieatillg ( the

second  term itl Cquatioli (5 )  multil)]icd  by  c ‘KZ/)l ) C,alcu]ated  from UKM()  IIlf?tf20rOlogical

fields, (c) eddy heating calculated from the right-hand side of equation (7) multi~)lied  by

c -~z/~1, and (d) Ilet diabatic  heating rate. ‘1’lle time average is for the peric)cls  l’ebruary  1-8,

l’cbruary  1-17, and l’ehruary  10-17, 1993 for the latitucle I)allds 90 °S-300S, 30 °S-300N, allcl

30 °N-900N, respectively. contour  levels are 4 0.1, 0.3, 0.5, . . . K day-]  i~[ (a)-(c) and + 011 ,

2, . . . K day-l  in (d).

l“igure 3, ‘J’he residual vertical velocity at 100 Ill’a.  Solid line: Septcnnber-October-  Novelnber

(tlLe average for the yaws # 1,2, 11, 12, 13, 21,22, atid 23), dasllecl  line: l)ecell~bcr-Jall~lary-

l’ebruary  (yaws #/ 3, 4, 5, 14, 15, 24, and 25) dotted Iitle: March-April-May (yaws #/ 6, 7, 16.

17, and 18), dashed-dottecl  line:  J~llle-J~lly-j\~lgtlst  (yaws ## 8, 9, 10, 19, and 20). See ‘1’al)le 1

for a list of yaws and their averaging ])eriods. ‘] ’he SON curve has bmI smoothed ]-2-1 OIICP

ill latitude to remove irregularities at soutllerll latitudes. ‘IThe va]ues po]eward of 80° hav(,

been obtained by linear extrapolation ill la t i tude,



l’igure 4. latitude-height sections of the zona] wind. IT IS lX1’E~’l’ED  qlJIAql SOME  1’ANEI,S

IN ‘1’IIII; l, AS’J’ ~Ol,lJMN Wll,], lIII; l’l I, I,ltl) IN ~’ltl;  I’INAI, V14;RS10N  01~ q’lI}I;  }’Al’E}{.

l’igure 5. Same as l’igure 4, but for  the lnass-weightcxl  strealnfullction  A’* = 27rap.c ‘2/1/x*  (i,,

units of 109 kg s–]). ‘1’he colltour  interval is 0.2 and 0.5 for values lower and  greater than

1.0, rcs])ectivcly. ‘J’hc zero-line is thicker Mid the sllacling  clenotcs areas of coullterc.lockwise

flow. ‘J’lle lowest level has been olnitted  for clarity.

lFigure  6. Same as I’i,gurc  4, but for the mcridiolla]  ccmponcwt of the residual circulation O*.

J’igure 7. Salne as F’igure 4, hut  for the vertical ccjm]]c)llc!nt  of t}le  residual circulation li~*.

l’igurc 8. Same as Figure  4, but  for the zona] momentum residual (the 1,11S of equation (1 )).

l’igure 9. correlation  cocflicient  betwcml  ‘1’ allcl ti!’  calculated from the first 25 lJARS lnonths.  ‘1’he

shading  denotes allticorrelatioll, Within regions where [ r I >0.6, the sigu of the c.orrelatioll

is c.ertaill at the 99(% confidence lcwe].

l~igure  10. Zollally-averagccf  tilne-height  sec.tiolls  of (a) tem]jerature, (b) ozcme, (c) water  va])c]r,

(d) zolial wind, (c) W, (j @*, (g) t he  Ineridiollal  molnelltum  aclvectioll  (tlie secolicl  terlll  011

tile 1,11S of equation (1 )), and (h) the’ Inolnelltum resiclual  (the sum of terms on the 1,11S of

ccluatioll  (1)), averagecl  over the latitude band 5°S-50N, in panels (L) a.ncl (c) the time Incan

IIas been taken  out.

l“igure 11. Same as Irigure 4, but  fol water va])c)r  Iilixillg  ratio. Water vapor data arc IIot availal)l(,

fc)r tile I)eriod June 1 - July 16, 1992 and after A])ril  25, 1993.
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